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ABSTRACT The template requirements for the formation
of the 429 protein p3-dAMP initiation complex in vitro have
been studied. The initiation reaction requires the parental pro-
tein p3 but not an intact DNA molecule. Protein p3-containing
fragments from the left- or right-hand DNA ends were active
as template for formation of the initiation complex provided
they had a minimal size: a 26-base-pair-long fragment was ac-
tive whereas a 10-base-pair-long one was essentially inactive.
However, the activity of the latter was restored by ligation of
an unspecific DNA sequence. 429 DNA internal fragments, as
well as denatured 429 DNA, were inactive as template for the
initiation reaction. The terminal protein-DNA complex isolat-
ed from Bacillus phage 415 was active in formation of the 429
p3-dAMP complex, whereas the protein-DNA complex isolat-
ed from Bacillus phage GA-1 or from the pneumococcal phage
Cp-1, both with a morphology similar to that of phage 429, as
well as that obtained from adenovirus, were inactive.
The Bacillus subtilis phage 429 has a linear double-stranded
DNA of about 18,000 base pairs (bp) (1) with a viral protein,
p3, covalently linked to the two 5' ends (2-5) through a phos-
phoester bond between the OH group of a serine residue and
5'-dAMP, the terminal nucleotide at both 5' ends (6). At the
termini of 429 DNA, there is an inverted terminal repetition,
six nucleotides long, and, in addition, there is a 40% homolo-
gy in the sequence of the first terminal 150 bp at the two ends
(7, 8).
Bacteriophage 429 replication starts at either DNA end
and proceeds by a mechanism of strand displacement (9-11).
By using extracts from 429-infected B. subtilis, it has been
shown protein p3 primes the initiation of replication by reac-
tion with dATP and formation of a protein p3-dAMP cova-
lent complex that provides the 3'-OH group needed for elon-
gation (12, 13). The initiation reaction in vitro-i.e., the for-
mation of the protein p3-dAMP covalent complex by
reaction of the protein p3 with dATP-requires the presence
of 429 DNA-protein p3 as template, no reaction taking place
with proteinase K-treated 429 DNA (12, 13). In addition, the
formation of the p3-dAMP initiation complex requires the
presence of the gene 2 product (14).
Adenovirus DNA, which also has a protein covalently
linked to the two 5' ends (15, 16), starts replication by a
mechanism similar to that used by phage 429. A covalent
complex between the precursor of the adenovirus terminal
protein and dCMP, the terminal nucleotide at both 5' ends, is
also formed in vitro (17-21).
In this paper we describe the template requirements for
formation of the protein p3-dAMP initiation complex. Re-
moval of the peptide remaining after proteinase K treatment,
which could interfere with the initiation reaction, did not al-
low the formation of the initiation complex, supporting the
results on the requirement of the parental protein p3 for the
initiation reaction. An intact DNA molecule is not required
because 429 DNA-protein p3 that had been treated with re-
striction nucleases was active in the initiation reaction.
Moreover, isolated protein-containing left- or right-hand ter-
minal DNA fragments were active as templates, although
there was a size effect. Internal fragments were inactive. No
initiation reaction occurred with single-stranded 429 DNA,
with or without parental protein p3. The activity of other
DNA-protein complexes as templates for the formation of
the initiation complex is also reported. A preliminary ac-
count of some of these findings has been presented (22).
MATERIALS AND METHODS
Materials. [a-32P]dATP (410 Ci/mmol; 1 Ci = 37 GBq) was
from the Radiochemical Centre. Benzoylated naphthoylated
DEAE-cellulose (BND-cellulose) was from Sigma; fungal
proteinase K, from Merck; micrococcal nuclease, from
Worthington; and Escherichia coli DNA polymerase I
(Klenow fragment), from Boehringer Mannheim. The re-
striction endonucleases EcoRI, BstEII, Cla I, HindIII, Hha
I, Mnl I, Taq I, HinfI, Acc I, and Rsa I were from New
England BioLabs and Bcl I was from Bethesda Research
Laboratories. T4 DNA ligase was prepared by J. M. Lazaro
from E. coli transformed with the.recombinant plasmid
pPLc28 ligase 8, which contains the gene coding for T4 DNA
ligase, obtained from E. Remaut. 32P-Labeled phage 429(1),
4)29 DNA-protein p3 complex (12), and proteinase K-treated
429 DNA (23) were prepared as described. E. coli K-12
AHlAtrp, harboring the gene 3-containing recombinant plas-
mid pKC30A1, was as described by Garcia et al. (24). The
phage 429 mutant sus3(91) was from the collection of More-
no et al. (25). B. subtilis HA1O1(59)F, lacking DNA polymer-
ase I activity (26), and B. subtilis MO-101-P spoA- thr-
{met-}+ su+44 (27) were used as nonpermissive and permis-
sive hosts, respectively. The B. subtilis phage GA-1 was a
gift from G. Venema. The Streptococcus pneumoniae phage
Cp-1 (28) was a gift from E. Garcia and R. L6pez. The DNA-
protein complexes from these phages, as well as that from
phage 415, were obtained as indicated for the 429 DNA-
protein p3 complex (12). The DNA-protein complex from
adenovirus 5 was a gift from P. van der Vliet. Single-strand-
ed 4X174 DNA was prepared from phage 4X174 am3 ob-
tained from P. Weisbeek. Single-stranded and replicative
form M13 DNAs were gifts from A. Talavera.
Assay for Formation of the Protein p3-dAMP Initiation
Complex. Extracts from E. coli cells harboring the gene 3-
containing recombinant plasmid pKC30A1 and from B. sub-
tilis infected with the 429 mutant sus3(91) were prepared as
described by Garcia et al. (24) and Shih et al. (13), respec-
tively.
The incubation mixture for the initiation reaction was (fi-
Abbreviations: bp, base pair(s); kb, kilobase pair(s); BND-cellulose,
benzoylated naphthoylated DEAE-cellulose.
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nal vol, 0.05 ml) 50 mM Tris HCI, pH 7.5/10 mM MgCl2/1
mM ATP/0.25 jkM [a-32P]dATP (5 AGCi) containing 35 yg of
protein from the extracts from sus3-infected B. subtilis and
24 Mtg of protein from the extracts from E. coli harboring the
recombinant plasmid pKC30A1 that provides protein p3.
About 0.6 yg of 429 DNA-protein p3 complex, untreated or
treated as indicated for each case, was added as template.
Isolated terminal restriction fragments containing protein p3
were also used as indicated. After incubation for 20 min at
30TC, the samples were processed, treated with micrococcal
nuclease, and subjected to NaDodSO4/polyacrylamide gel
electrophoresis as described (12). The gels were dried and
autoradiographed with intensifying screens at -70TC.
Preparation and Characterization of Restriction Fragments.
429 DNA-protein p3 was treated for 1 hr at 37°C with EcoRI
or Bcl I under the conditions indicated by the supplier and
the restriction fragments were separated by centrifugation in
a 5-20% sucrose gradient as described (2). The fragments
were located in the gradient by electrophoresis of a sample in
1% agarose gels containing 0.1 M Tris borate, pH 8.3/2 mM
EDTA (TBE buffer) (29) and recovered by ethanol precipita-
tion.
The terminal restriction fragment EcoRI A was further
treated with Hha I, HinfI, Bd I, Taq I, or MnI I and frag-
ment EcoRI C was treated with HindIII, Acc I, Hinfl, Taq I,
or Rsa I. In all cases, the digestion was for 1 hr at 37°C with
an excess of the nuclease in 10 mM Tris HCl, pH 8.0/50 mM
NaCI/10 mM MgCl2/10 mM 2-mercaptoethanol, except for
the digestion with Mnl I, which was carried out in 10 mM
Tris HCl, pH 8/150 mM NaCl/10 mM MgCl2/10 mM 2-mer-
captoethanol. To check that the digestion reached comple-
tion, the resulting mixture of restriction fragments was la-
beled with [a-32P]dATP by using the Klenow fragment of E.
coli DNA polymerase I. All fragments, except the terminal
Rsa I, were labeled, either at the ends or at internal nicks.
The protein-containing terminal restriction fragments were
separated on BND-cellulose columns essentially as de-
scribed (30). The samples eluted from the column were iso-
lated by precipitation with ethanol and, after treatment with
proteinase K, analyzed by electrophoresis in 8% or 20%o ac-
rylamide slab gels in TBE buffer. Because the terminal Rsa I
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fragment, 10 bp long, was not labeled with DNA polymer-
ase, probably due to its small size, completion of the diges-
tion was indirectly controlled by the appearance of the typi-
cal pattern on electrophoresis in 1% agarose.
Fragment EcoRI C (0.06 ,tg), after digestion with Rsa I,
was incubated with 0.1 or 0.4 ,ug of Rsa I-digested X DNA
and ATP in the absence or presence of T4 DNA ligase for 24
hr at 14°C. To check that the resulting fragments, after liga-
tion, had a higher molecular weight, they were analyzed by
electrophoresis in 1% agarose gels containing TBE buffer.
Removal of the 5'-Linked Protein from 429 DNA. 429
DNA-protein p3 or proteinase K-treated 429 DNA was di-
gested with HindII and treated with 0.5 M piperidine for 2
hr at 37°C (12). The piperidine was removed by lyophiliza-
tion and the DNA fragments were annealed in 10 mM
Tris HCl, pH 8/1 mM EDTA/0.5 M NaCl at 65°C for 3 hr.
Agarose gel electrophoresis showed that the annealing was
essentially complete. Treatment with HindIII was needed to
obtain good renaturation.
RESULTS
Template DNA Requirements for Formation of the Initia-
tion Complex. To study whether an intact 429 DNA mole-
cule is needed as template for the initiation reaction, the 429
DNA-protein p3 complex was treated with BstEII, Cla I, Bcl
I, EcoRI, or HindIll (Fig. 1) and its template activity was
assayed. Essentially no effect on formation of the protein p3-
dAMP initiation complex was observed relative to controls
untreated or treated with BamHI, which does not cut 429
DNA (results not shown). Quantitation of the protein p3-
dAMP bands showed values ranging from 74% to 117%,
100% being the value obtained with intact 429 DNA-protein
p3.
To determine whether isolated left- or right-hand DNA
fragments containing protein p3 can act as template in forma-
tion of the initiation complex, the terminal restriction frag-
ments EcoRI A (left) and EcoRI C (right) as well as an inter-
nal fragment, EcoRI B, were used as templates for the in
vitro initiation reaction. As shown in Fig. 2A (lanes a-c), the
terminal fragments EcoRI A [9 kilobase pair(s) (kb)] or C (1.8
kb) were active in formation of the initiation complex, the
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FIG. 1. Genetic and physical maps of 029 DNA. The genetic map and the EcoRI restriction map were taken from Sogo et al. (1); the BstEII,
Cla I, Bcl I, and HindIlI restriction maps are from Yoshikawa and Ito (31); and the restriction maps at the left- and right-hand ends of 429 DNA
are from the sequence reported by Escarmis and Salas (7) and Yoshikawa et al. (8).
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FIG. 2. Formation of the protein p3-dAMP initiation complex
with isolated left or right terminal 429 DNA-fragments. (A) 429
DNA-protein p3 (10 ,ug) was digested with EcoRI, and the fragments
were separated by sucrose gradient centrifugation (2) and concen-
trated by ethanol precipitation to a final volume of 0.115 ml. Sam-
ples (25 1l) of the left and right terminal fragments EcoRI A (lane b)
and EcoRI C (lane c) as well as of the internal fragment EcoRI B
(lane d) were used as template for formation of the initiation com-
plex. (B) As in A except that digestion was with Bcl I and the frag-
ments were separated by sucrose gradient and then concentrated in
the presence of proteinase K-treated 4)29 DNA (8 ;ug) as a carrier for
the ethanol precipitation. Samples (25 1.d) of the left or right terminal
fragments Bcl I C (lane b) or Bcl I A (lane c) as well as of the internal
fragment Bcl I B (lane d) were used as template. In the two experi-
ments, intact 429 DNA-protein p3 was used as a control (lanes a).
Lanes e: 35SO2--labeled 429 structural proteins. Numbers indicate
MrX 10-3.
activities being about 61% and 25%, respectively, of that ob-
tained with intact 029 DNA-protein p3. The internal frag-
ment EcoRI B (5.5 kb) did not act as template for formation
of the initiation complex (Fig. 2A, lane d). In a similar ex-
periment using isolated Bcl I fragments, the activity of the
left terminal fragment Bcl I C (73 bp) was 25% (Fig. 2B, lanes
a and b) and that of the right terminal fragment Bcl I A (12
kb) was 48% (lane c). The internal Bcl I B fragment (6 kb)
was inactive (Fig. 2B, lane d).
To further study the size effect, the left terminal fragment
EcoRI A was treated with Hha I, HinfI, Bcl I, Taq I, or Mnl
I, which produce protein-containing fragments of 175, 158,
73, 42, and 26 bp, respectively. The formation of the initia-
tion complex was 74%, 47%, 51%, 32%, and 27%, respec-
tively, of the value obtained with fragment EcoRI A (Fig. 3
and Table 1). Similarly, the right terminal fragment EcoRI C
was treated with HindIII, Acc I, Hinfl, Taq I, or Rsa I,
which produce protein-containing fragments of 269, 125, 59,
52, and 10 bp, respectively, and the formation of the initia-
tion complex was 181%, 157%, 36%, 29%, and 14% of that
obtained with fragment EcoRI C. In the absence of DNA,
the backgrounds obtained were 4% and 9% of that found
with fragments EcoRI A and EcoRI C, respectively. Control
experiments showed that the restriction endonucleases com-
pletely degraded the EcoRI A or EcoRI C fragments.
As a control to check the final sizes of the terminal frag-
ments after the in vitro initiation assay, 32P-labeled 429
DNA-protein p3 complex was digested with HinfI, and the
fragments were incubated under the conditions used for the
initiation reaction. More than 50% of the terminal fragments
were unaltered in size after incubation as compared with a
control that was not incubated (results not shown).
To determine whether the low amount of protein p3-
dAMP initiation complex formed with the right terminal Rsa
I fragment, 10 bp long, was due to a size effect or to a lack of
specific DNA sequences, the fragments produced after di-
FIG. 3. Effect of size of the left and right terminal fragments on
in vitro formation of the protein p3-dAMP complex. Samples (25 Al)
of the restriction fragments EcoRI A and EcoRI C prepared as de-
scribed in Fig. 2 were digested with excess amounts of various re-
striction endonucleases and used as template for formation of the
initiation complex. Lanes a-d: fragment EcoRl A-a, undigested; b-
d, digested with Hha I, Taq I, or Mn1 I. Lanes e-h: fragment EcoRI
C-e, undigested; f-h, digested with Acc I, HinfI, or Rsa I. Lane i,
control without DNA; lane j, 35SO2--labeled 429 structural pro-
teins. Numbers indicate Mr x 10-3.
gestion offragment EcoRI C with Rsa I were randomly reli-
gated by incubation with T4 DNA ligase in the presence of
Rsa I-digested X DNA. As shown in Fig. 4 (lanes b and c),
the formation of the initiation complex was greatly stimulat-
ed, with the amount of p3-dAMP formed being similar to that
found with the undigested EcoRI C fragment (lane a). Similar
results were obtained when a 7-fold excess of Rsa I-digested
A DNA was added to the ligation mixture to minimize liga-
tion of the correct Rsa I fragment to the protein-containing
terminal fragment (results not shown).
As shown in Fig. 5A, neither heat-denatured 429 DNA-
protein p3 (lane b) nor heat-denatured proteinase K-treated
029 DNA (lane d) was active as template in formation of the
p3-dAMP initiation complex. Other single-stranded DNAs
such as that of phages 4X174 and M13 were also inactive
(results not shown). Removal of ATP had no effect on the
reactions using single-stranded DNAs as template.
Requirement of the Parental Protein p3 for Formation of the
Initiation Complex. As already reported, no initiation com-
plex is formed when proteinase K-treated 429 DNA is used
as template (12, 13). To determine whether the residual pep-
tide remaining after the proteinase K treatment might inter-
fere with the initiation reaction, proteinase K-digested 429
DNA was treated with HindI1 and then with piperidine,
which hydrolyzes the ¢>29 DNA-protein p3 linkage (12), to
remove the residual peptide. After renaturation, the protein-
Table 1. Effect of the sizes of the terminal fragments on
formation of the initiation complex
Left Size, bp %* Right Size, bp %*
EcoRI A 9,000 100 EcoRl C 1,800 100
Hha I 175 74 (2) HindlIl 269 181 (1)
Hinfl 158 47 (2) Acc I 125 157 (1)
Bc! I 73 51 (2) Hinfl 59 36 (3)
Taq I 42 32 (4) Taq I 52 29 (1)
Mnl I 26 27 (4) Rsa I 10 14 (2)
No DNA 4 (3) No DNA 9 (2)
The terminal fragments EcoRI A and C were isolated from the 429
DNA-protein p3 complex, treated with various restriction nucle-
ases, and used as template for formation of the initiation complex.
The amount of protein p3-dAMP band was determined by densitom-
etry of the autoradiographs.
*Results are relative to the starting fragments, which are taken as
100%. Values in parentheses indicate numbers of experiments car-
ried out in each case.
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FIG. 4. Effect of increasing the length of the right terminal Rsa I
fragment of 429 DNA on in vitro formation of the protein p3-dAMP
complex. Fragment EcoRI C was prepared as described in Fig. 2 and
then digested with Rsa I. A sample (0.06 /Lg) was incubated with 0.1
,.g ofRsa I-digested X DNA and 0.4 mM ATP in a final volume of 20
1. for 24 hr at 14TC in the absence (lane b) or presence (lane c) of T4
DNA ligase. Another sample of fragment EcoRI C was incubated
with ligase in the absence of ATP (lane a). The fragments resulting
from the different treatments were used as templates in the initiation
reaction. Lane d, control experiment without added DNA; lane f,
"5SO2--labeled 4)29 structural proteins. Numbers indicate Mr x
10-3.
free HindIII restriction fragments were tested as template
for formation of the initiation complex. As shown in Fig. 5B
(lanes c and d), essentially no formation of the p3-dAMP
complex was obtained, similarly to the control not treated
with piperidine. A 10-fold increase in the amount of piperi-
dine-treated DNA and the use of a more highly purified pro-
tein system also did not produce the initiation reaction (re-
sults not shown). When HindIII-digested 429 DNA-protein
p3 was similarly treated with piperidine, formation of the ini-
tiation complex greatly decreased relative to the untreated
control (Fig. SB, lanes a and b). Further treatment with pro-
teinase K abolished the residual activity (results not shown),
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FIG. 5. Use of denatured 429 DNA or native protein-free 429
DNA as template in formation of the protein p3-dAMP initiation
complex. (A) Native (lane a) or heat-denatured (lane b) 429 DNA-
protein p3 complex and native (lane c) or heat-denatured (lane d)
proteinase K-treated 429 DNA were used as template. Lane e: con-
trol without DNA. (B) 429 DNA-protein p3 complex (lanes a and b)
or proteinase K-treated 4)29 DNA (lanes c and d) was digested with
HindIII and complex formation was determined without further
treatment (lanes a and c) or after piperidine treatment (lanes b and
d). Lane e, control without DNA; lane f, "SO'--labeled 029 struc-
tural proteins. Numbers indicate Mr x i0-O.
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FIG. 6. Use of different protein-DNA complexes as templates in
formation of the protein p3-dAMP initiation complex. Lanes: a, 4)29
DNA-protein p3 complex; b, 015 DNA-terminal protein complex; c,
GA-1 DNA-terminal protein complex; d, Cp-1 DNA-terminal pro-
tein complex; e, control without DNA; f, 35SO2--labeled 429 struc-
tural proteins. Numbers indicate Mr x 1O-3.
suggesting that the residual initiation reaction was probably
due to incomplete release of the protein from the complex.
Initiation of Replication Using as Template DNA-Protein
Complexes from Different Viral Origin. The DNA-protein
complex was isolated from the 429-related Bacillus phages
415 and GA-1 (32) and from pneumococcal phage Cp-1 (28),
and they were tested as template for the formation of the
protein p3-dAMP complex. Fig. 6 shows that the DNA-pro-
tein complex isolated from 415 (lane b) was as active as 429
DNA-protein p3 (lane a) in the initiation reaction. On the
contrary, the DNA-protein complex isolated from phage
GA-1 (lane c) or Cp-1 (lane d) did not give rise to formation
of the protein p3-dAMP complex.
Adenovirus DNA-protein complex was also used as tem-
plate for the initiation reaction. In this case, because the nu-
cleotide sequence at the 5' ends is C-A-T . . ., dCTP and
dideoxy-TTP were added together with [a-32P]dATP to initi-
ate the reaction and stop elongation at the thymidine. No
labeling of protein p3 was observed (results not shown).
DISCUSSION
The initiation of 429 DNA replication is dependent on addi-
tion of 429 DNA-protein p3 as template (12, 13). However,
an intact DNA molecule is not required. Protein p3-contain-
ing left- or right-hand 429 DNA terminal fragments could
also-direct the formation of the initiation complex. Frag-
ments of similar length had approximately the same efficien-
cy in the initiation reaction, in agreement with the in vivo
results on initiation of replication from either DNA end (9,
10). There was, however, a minimal DNA length required for
formation of the initiation complex in vitro. Thus, a protein
p3-containing fragment 26 bp long was active in the initiation
reaction whereas the activity was very low with the terminal
Rsa I fragment produced from the EcoRI C fragment, which
is only 10 bp long. When the latter was religated with an
excess of fragmented X DNA, formation of the initiation
complex was greatly stimulated. This result suggests that the
low amount of initiation complex formed when the 10-bp-
long terminal Rsa I fragment from the right-hand end is used
as template is due to the small size of the fragment rather
than to lack of a specific sequence that must be recognized
for the initiation reaction. This minimal size requirement
suggests a topological requirement for the DNA to initiate
strand synthesis of linear ends of a double-stranded DNA
molecule.
Removal with piperidine of the terminal protein p3 from
the DNA or of the residual peptide after proteinase K-treat-
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ment did not allow formation of the initiation complex, in
contrast with the results obtained with adenovirus DNA
(21). These results suggest that in phage 429 the parental
protein p3 is an important requirement for in vitro initiation
of replication, in agreement with its requirement for trans-
fection (22, 33) and with the results of a mixed infection ex-
periment at 42TC using mutants ts3(132) and ts2(98), in which
most of the progeny had the ts2 genotype (2). Heat-dena-
tured 429 DNA was not active in formation of the initiation
complex nor was single-stranded 4X174 DNA or M13 single-
stranded or replicative form I DNAs. In contrast, heat-dena-
tured adenovirus DNA and single-stranded 4X174 DNA are
active in formation of the adenovirus initiation complex (21,
34).
Formation of the 429 protein p3-dAMP initiation complex
was obtained using as template the DNA-protein complex
isolated from Bacillus phage 415 but not from GA-1, both
morphologically related to 429. Phages 429 and 415 are se-
rologically related and have the same six-nucleotide-long se-
quence at both DNA ends (A-A-A-G-T-A), whereas GA-1 is
not serologically related to 429 and the sequence at the ends
of its DNA (A-A-A-T-A-G) is different from that of 429 DNA
(35). The terminal proteins of 429 and 415 give similar chy-
motryptic peptides whereas the peptides from the GA-1 ter-
minal protein are very different from those of the 029 termi-
nal protein (32). The DNA-protein complex isolated from the
pneumococcal phage Cp-1 (28), morphologically related to
429, with a terminal protein similar in size to that of phage
429 and with a terminal DNA sequence (A-A-A-G-C-A) sim-
ilar to t4at of 429 DNA (36) was inactive in the initiation
reaction. Whether the lack of activity in the initiation reac-
tion of the DNA-protein complex isolated from phages GA-1
and Cp-1 is due to difference in the terminal DNA sequence,
to differences in the terminal proteins, or both, remains to be
determined. DNA-protein complexes isolated from adenovi-
rus serotypes 4, 7, 9, and 34 were active as templates for
formation of the initiation complex with extracts from ade-
novirus serotype 2-infected cells (37). However, the +29-in-
fected extracts could not use the adenovirus serotype 5
DNA-protein complex as template.
The results presented here suggest that the parental pro-
tein p3 in 429 DNA is a requirement for the initiation reac-
tion, as is a protein p3-containing fragment of a minimal size
from the left- or right-hand end. Whether a specific DNA
sequence, which could be the six-base-pair-long inverted ter-
minal repetition, is also required to initiate 429 DNA replica-
tion remains to be determined. Sequence specificity is prob-
ably required for encapsidation of 429 DNA because protein
p3-containing left terminal fragments are specifically pack-
aged in vitro (38), in agreement with the polar release of the
right-hand DNA end from 429 capsids (39).
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